The Son Of X-Shooter (SOXS) 1 is a medium resolution spectrograph (R ∼ 4500) proposed for the ESO 3.6 m NTT. We present the optical design of the UV-VIS arm of SOXS which employs high efficiency ion-etched gratings used in first order (m = 1) as the main dispersers. The spectral band is split into four channels which are directed to individual gratings, and imaged simultaneously by a single three-element catadioptric camera. The expected throughput of our design is > 60% including contingency. The SOXS collaboration expects first light in early 2021. This paper is one of several papers presented in these proceedings 2-10 describing the full SOXS instrument.
INTRODUCTION
The Son Of X-Shooter (SOXS)
1 is a medium resolution spectrograph (R ∼ 4500) * proposed for the ESO 3.6 m NTT. Originally both arms of SOXS were based on the X-Shooter 4-C design.
11 The 4-C design uses a crossdispersedéchelle grating to achieve medium resolution at higher orders (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In 2016 the Weizmann Institute of Science joined SOXS with a proposal for redesigning the VIS arm of the spectrograph to make use of high efficiency gratings working at order m = 1. Here we present this concept and design, which passed a preliminary design review (PDR) in July 2017, and will be presented at a final design review (FDR) in the summer of 2018.
The main science goal of SOXS is the follow-up and study of astronomical transients of all types. The flood of photometrically identified transients expected to be supplied by upcoming surveys (e.g. ZTF, ATLAS, PanSTARRS, LSST) will require dedicated spectroscopic facilities such as SOXS. The X-Shooter observational characteristics are highly desirable, as evidenced by X-Shooter being one of the most oversubscribed ESO instruments.
To serve these scientific goals the following requirement were defined. Here we show those requirements that are relevant to the VIS arm design:
• The UV-VIS arm will cover 350 − 850 nm, with an overlap between the VIS and NIR arms that spans 50 nm (800 − 850 nm).
• Limiting (Vega) magnitudes for stellar objects, long slit: Considering t exp =1 hr, S/N=10, 1 slit, 0.8 seeing, no moon and airmass 1.2: V=20 and J=19.
• The peak efficiency shall be > 25% and the efficiency at any wavelength shall be > 8% except in the dichroic crossover regimes.
• Spectral Resolution: the slit width resolution product shall be RS > 3500 over the whole spectral range.
• Available slit dimensions: 0.5 , 1 , 1.5 , 5 × 12 length.
• Optical efficiency of pre-slit: Averaged over the range 350 − 1800 nm, Nasmyth focal plane to slit should be > 80% (ADC included).
OVERALL DESCRIPTION
The SOXS UV-VIS spectrograph is based on a novel concept in which the incoming beam is partitioned into four polychromatic beams (quasi-orders) using dichroic mirrors, each covering a waveband range of 100 − 200 nm. Each quasi-order is diffracted by a custom-made ion-etched grating. The four beams enter a three-element catadioptric camera that images them onto a common detector. The goal of the partitioning is to maximize the overall system throughput. 
Optical layout
The optical layout is shown in Figure 1 . The first order parameters can be found in Table 1 . The beam from the slit is directed by a fold mirror towards an off-axis-parabola (OAP) collimator. It is then divided by a series of dichroics and mirrors towards the gratings. The feed is shown in Figure 2 .
The system collimator is a 30
• OAP with an effective focal length of 272.55 mm and an off-axis distance of 146.3 mm. The F/# is matched to the SOXS common path (CP) F/6.5 yielding a beam of diameter φ = 45 mm. The F/# and desired beam width dictate a reflected focal length (RFL) of 292.12 mm. We choose a 30
• OAP over a higher angle of incidence (AoI) OAP due to improved manufacturability and coating efficiency for low angle OAPs.
Our system includes three dichroic surfaces to divide the beam into four quasi-orders. Each quasi-order beam is reflected/transmitted by two dichroic surfaces. The first one is a dichroic mirror tilted at ∼ 45
• reflecting u + g and transmitting r + i. The two beams are then further divided by secondary dichroic mirrors which are tilted at ∼ 45
• to ensure proper positioning of the beams on the gratings. The transmitted beams (g + i) are finally reflected towards their gratings by dielectric mirrors at ∼ 45
• . The mirrors are rotated by a few degrees to feed the gratings at the designed 41
• AoI. 
Gratings and resolution
The SOXS UV-VIS arm uses four ion-etched gratings from the Fraunhofer IOF † as the dispersers. We chose the grating parameters (line density, diameter, and feed angle) so that the following conditions are realized: Littrow angle is roughly ∼ 41
• at each quasi-order center to maximize efficiency. Resolution for a 1 slit is > 3500 across the entire band, and is > 4000 for at least 75% of the quasi-order. The grating parameters are given in Table 2 . The main advantage of these gratings overéchelle is that they can be used at first order (m=1), giving an increased efficiency (∼ 80%) across the band. Through discussions with manufacturers we also found these grating to have superior average expected efficiency than similar volume phase holographic (VPH) gratings with the same line densities. The estimated efficiencies of the gratings are given in Figure 3 .
Camera
The optical prescription of the camera is shown in Table 3 , and its layout is shown in Figure 4 . The camera is made of three aspheric elements and is inspired by the camera designed for MOONS.
12, 13 The first element is a † Fraunhofer IOF, Albert-Einstein-Str. 7, 07745 Jena. CaF 2 aspheric corrector with a rectangular aperture at its center. The second element is an aspheric fused silica mirror. The third and last element is an aspheric field flattener which is cut into a rectangular shape, and serves also as the window of the detector cryostat. The sag of the aspheric surfaces is shown in Figure 5 . The aspheric departures are not challenging for modern manufacturing techniques.
Detector
The detector is a Teledyne e2V CCD44-82 2k×4k back illuminated CCD 14 with 15 µm × 15 µm pixels. The spectrum is imaged on the detector in four quasi-orders. The format on the detector is shown in Figure 6 . Note that due to the 41 • AoI of the gratings, the spatial axis is slightly rotated relative to the spectral axis. This is due to the need to orient the dispersed beam such that the central wavelength enters the corrector parallel to the optical axis of the camera. The rotation is ∼ 8
• which completes the refracted angle from 2 × 41 • = 82
• to 90
• . This rotation is small, is typical also oféchelle spectra, and is easily treated by the data reduction pipeline. The spectral layout on the detector is given in Figure 6 .
PERFORMANCE
The resolution vs. wavelength is reported in Figure 7 . We show that the optical design suffers from few aberrations and gives resolution that is close to the theoretical limit. The average resolution and standard deviation across each quasi-order are given in Table 4 . The resolution is calculated by ray tracing the centroid position on the detector for each wavelength, taking into account the slit width (1 ), and the diameter of the enslitted energy. The wavelength solution is interpolated with an 8th degree polynomial. The image quality in both the spectral and spatial directions is shown in Figure 8 . The PSF is well contained within 2 × 2 pixels for most of the band and is shown in Figure 9 .
Throughput
We assume the following regarding throughput: With regard to all estimates we take an additional 2% contingency. Based on these considerations and the quotes we have obtained from manufacturers we expect the throughput of SOXS to be > 60% including contingency. A breakdown of the throughput values is given in Table 5 .
TOLERANCE

Thermal stability
Due to the very short distances between the camera elements, there is very low sensitivity to thermal effects. The conceptual mechanical design uses a Invar frame to maintain the distance between the camera lenses, and the detector. We expect a shift of 18 µm for a temperature change of ∆T ∼ 25
• C. Therefore the camera does not require an active focus mechanism. Moreover, based on the current mechanical design the spectrum is expected to shift on the detector by 0.1 pixel/
• C, which is within the requirements.
Tolerance
We take a wedge tolerance of 0.05 mm. For the aspheric surfaces we add a surface decenter of 0.125 mm. The aspheric components are toleranced using a TEZI operand with +/-0.5 µm irregularity, which is larger than the manufacturer's capabilities.
We performed 200 Monte Carlo simulations using the expected tolerances, drawn from a uniform distribution to keep a conservative estimate. We allow for the distance between the field flattener and the mirror to be adjusted to achieve the best performance (this can be achieved with shims in the assembled system). The field flattener nominal position is shifted by +/-135 µm and is limited to a range of +/-300 µm. The system is most sensitive to tilt and decenter of the camera optics. The design will be re-optimized as the melt data is provided, and again when the as-manufactured optics data will be provided. A full alignment plan is currently under development.
Ghost analysis
We identify four potential ghosts that can appear in the system:
• Internal reflection in the corrector Spatial Nominal 50% 90% Figure 10 . Resulting performance in spectral (spatial) top (bottom) directions. The nominal system performance is shown in black, and the three systems closest to the median and 90th percentiles are shown in green and red respectively. The shaded regions are the overlap between the quasi-orders and the overlap between the UV-VIS and NIR arms of SOXS. • Reflection from the planar surface of the field flattener re-reflected by it's front surface
• Reflection from the detector which is back reflected by the front of the field flattener
• Reflection from the detector which is back reflected by the back of the field flattener
For each of the ghosts we construct a sequential model that simulates the effect and trace rays for three wavelengths (short, central, long) for each quasi-order. Only reflection from the detector and back from the planar surface of the field flattener overlaps with the trace (Figure 11 ). However, this reflection is diffuse with a spot diameter of ∼ 5 mm; therefore there is a 1/300 attenuation due to defocus, in addition to a 10% reflection by the detector and a 2% reflection by the field flattener AR coating. The relative intensity of this ghost is 1/300 × 0.1 × 0.02 = 6 × 10 −6 . We conclude that this ghost poses no risk.
Spectral leakage and 2nd order diffraction
Any spectral leakage from the dichroics will arrive at the gratings at the designed AoI. Therefore, for m = 1 they will be imaged off of the detector and pose no risk. The only residual risk is from u-band light leaking to the i-band grating and being diffracted at 2nd order (m = 2). The i-band grating sits behind two dichroics with 1% leakage leading to a 0.01 2 suppression (max 0.05 2 at specific spikes). A further suppression of order 10% − 20% would be due to optimization of the grating for 1st, as opposed to 2nd, order. A simulation showing the i-band 2nd order efficiency is shown in Figure 12 . In the unlikely event that there is still unacceptable stray light from m = 2, it is possible to insert an order blocking filter before the i-band mirror.
MECHANICS
The mechanical structure must support the camera (three elements), the gratings, the dichroics, the OAP, the slit mechanism and slit-viewing camera, and the detector/cryostat assembly. The mechanical system is comprised of four parts which are connected via kinematic mounts: an Al6061 base which connects the UV-VIS system to the NTT flange, an Invar frame which holds the camera primary mirror, a stainless steel frame which holds the CaF 2 corrector and field flattener, and an Al6061 plate which holds the feed small optics. The mechanical structure is shown in Figure 13 . The subsystem is mounted on a sphere-cylinder-flat kinematic mount with the sphere and cylinder positioned along the long axis of the slit to ensure the slit location relative the NIR arm.
The camera mount is shown in Figure 14 . The stainless steel frame is connected to the Invar frame with a three-cylinder kinematic mount. This mount ensures the camera centration, while the Invar frame ensures the distance between the corrector and the primary mirror is insensitive to thermal changes. The stainless steel frame also counteracts the extension of the stainless steel tube which holds the field flattener. The feed plate (Figure 15 ) holds the Al6061 mounted dielectric and dichroic mirrors, the OAP, and the slit mechanism. The slit mechanism also has a prism position to reflect light towards the static slit-viewing camera. 
SUMMARY
We have shown the design for the SOXS UV-VIS arm. The design makes use of high efficiency ion-etched gratings at used at first order (m = 1) to provide high throughput-at least 50% higher than conventionaléchelle medium resolution designs. To accommodate these efficient gratings in the design, the spectrum is divided into four quasiorders with dichroic mirrors. The dispersed beam is imaged by a single fast camera based conceptually on the camera designed for MOONS. The fast Schmidt catadioptric camera is made of three aspheric elements: a CaF 2 corrector, a mirror, and a fused silica field flattener. The design provides spectral resolution λ/∆λ > 3500 for the whole band, with an average of λ/∆λ ∼ 4700, and does not require special manufacturing techniques to accommodate the tolerances. Once on the NTT at the beginning of 2021, we expect this instrument to become a workhorse for transient science.
